Introduction {#sec1}
============

Nicotinamide adenine dinucleotide (NAD) is an important cofactor used in many metabolic reactions. Recently, it has been increasingly recognized that, in addition to serving as a cofactor, it also serves as an important signaling molecule by effecting protein posttranslational modifications, such as NAD-dependent deacylation and ADP-ribosylation.^[@ref1],[@ref2]^ Thus, enzymes that metabolize NAD can have important biological functions. One mammalian enzyme that metabolizes NAD is cluster of differentiation 38 (CD38). CD38, a type II membrane protein, has important physiological functions, demonstrated by the compromised immune response and social memory defect in CD38 knockout mice.^[@ref3],[@ref4]^ In addition, its expression is associated with a poor prognosis in chronic lymphocytic leukemia.^[@ref5]^ However, the molecular mechanism underlying its physiological functions is still not well understood. It is reported to function as both an enzyme and a receptor. CD38 has 69% overall homology to an *Aplysia* cyclase, which converts NAD to cyclic adenosine diphosphate-ribose (cADPR), a molecule that is reported to be a calcium mobilizing messenger.^[@ref6]^ CD38 was thus considered to have a similar enzymatic function.^[@ref6]^ However, CD38 catalyzes the formation of mainly adenosine diphosphate ribose (ADPR) and only a minute amount of cADPR.^[@ref7]−[@ref10]^ Under certain conditions, CD38 can also catalyze a base-exchange reaction converting nicotinamide adenine dinucleotide phosphate (NADP) to nicotinic acid adenine dinucleotide phosphate (NAADP), which is also a calcium mobilizing messenger.^[@ref11]^ As a receptor, it was reported that CD38 can initiate transmembrane signaling in response to antibody binding.^[@ref12]^

The cellular localization of CD38 has also been perplexing. CD38 was originally identified as a cell surface protein, but was later reported to be present in intracellular compartments, such as the mitochondria, Golgi, and ER, with the highest levels of expression in the nuclear membranes.^[@ref13]−[@ref20]^ In addition, a recent report suggested the existence of type III CD38 on the plasma membrane with the catalytic domain facing the cytosol.^[@ref21]^ However, conflicting results on CD38 cellular localization have been reported, with some showing only plasma membrane CD38 and others showing only nuclear localized CD38.^[@ref15],[@ref22]^ Because of the efficient NAD-hydrolysis activity of CD38, the intracellular CD38 may lead to depletion of cellular NAD, thus producing detrimental effects. Therefore, the intracellular localization of CD38 merits careful investigation. Methods used to study cellular localization of CD38 include the use of antibodies for confocal immunofluorescence after cell fixation and permeabilization, subcellular fractionation, and less frequently, CD38--GFP fusion proteins.^[@ref13]−[@ref20],[@ref22]^ To mitigate the possibility of artifacts from these methods, there is a need for new methods with minimal perturbation of live cells and minimal interference with CD38 signaling. In addition, previously used labeling methods are typically followed by a separate step of organelle isolation to check CD38 enzymatic activity. A method to both localize and demonstrate activity will be helpful.

Previously, we developed a CD38-labeling method that uses a suicide substrate, 2′-deoxy-2′-fluoro arabinosyl NAD conjugated with tetramethylrhodamine, Rh-6-(F-araNAD) (Scheme [1](#sch1){ref-type="scheme"}A). Rh-6-(F-araNAD) can covalently label CD38 on the key catalytic residue, Glu226, forming a stable covalent intermediate.^[@ref23]^ This method was successful in labeling CD38 while not interfering with antibody-induced CD38 signaling events. It was mechanism-based labeling and thus only labeled catalytically active CD38. However, this molecule was not cell permeable; therefore, it cannot be used to label intracellular CD38. In the present study, we developed a cell permeable fluorescent activity-based small-molecule probe for labeling CD38 in live cells. This probe allowed detection of catalytically active CD38 both on the plasma membrane and inside the cells. Using this probe, we investigated the cellular distribution of CD38 in two leukemia (HL-60 and K562) and one lymphoma (Raji) cell lines that were previously reported to have intracellular CD38.^[@ref15],[@ref16]^ Our results showed CD38 is localized mainly at the plasma membrane with very little intracellular CD38. In particular, our results showed no pronounced nuclear localization as previously reported, which may have been an artifact of the immunofluorescence method. The clarification of CD38 intracellular localization will facilitate the understanding of its physiological function.

Experimental Section {#sec2}
====================

General Methods {#sec2.1}
---------------

Reagents, unless specified otherwise, were purchased from commercial suppliers in the highest purity available and used as supplied. Antibodies for detection of human CD38 (mouse) were bought from BD Biosciences (San Jose, California, USA, cat. \#: 611114), while antibodies for detection of human GAPDH (rabbit), as well as horseradish peroxidase-linked antimouse and antirabbit antibodies were bought from Cell Signaling (Danvers, MA, USA). Mammalian protein extraction reagent (M-PER) was bought from Pierce (Rockford, IL, USA). All-trans retinoic acid (RA), protease and phosphatase inhibitors were bought from Sigma (St. Louis, MO, USA). ECL was bought from GE Healthcare (Pittsburgh, PA, USA). Both sulforhodamine and tetramethylrhodamine fluorescence signals from protein gels were recorded by Typhoon 9400 Variable Mode Imager (GE Healthcare Life Sciences). For visualization of tetramethylrhodamine, a green laser at 532 nm was used for excitation and a collection filter of 580 nm with band-pass of 30 nm was used for emission collection. For visualization of sulforhodamine, the 532 nm laser was used for excitation and 610BP30 filter for emission collection. Detection of fluorescence was done using a PMT at 650 V and normal sensitivity. Images collected were analyzed by ImageQuant TL v2005.

Labeling of Purified CD38 (wt and E226D, E226Q mutants) with SR101--F-araNMN *In Vitro* {#sec2.2}
---------------------------------------------------------------------------------------

CD38 (wt or E226D and E226Q mutants, 8 μM, expressed and purified as reported earlier^[@ref24],[@ref25]^) and sulforhodamine 101-F-araNMN (SR101--F-araNMN) (20 μM) in 10 μL reaction buffer (25 mM HEPES, 50 mM NaCl, pH 7.4) were incubated at 37 °C for 30 min, then mixed with 2 μL 6× protein loading buffer. The samples were heated at 100 °C for 7 min and then resolved by SDS-PAGE. Before staining with Coomassie blue, the gel was irradiated under UV light (Transillum, Fisher Scientific, model DLT-A), and the fluorescence image was recorded with a digital camera (Nikon Coolpix L22).

Labeling of CD38 in Live Cells {#sec2.3}
------------------------------

HL-60 cells were treated with 1 μM RA in cell culture media (GIBCO RPMI Medium 1640 with 10% GIBCO Heat-inactivated Fetal Bovine Serum) for 24 h in a 5% CO~2~ incubator at 37 °C. Untreated HL-60, Raji, and K562 cells were cultured using the same media without RA. Then the cells were harvested from 4 mL cell culture (1 × 10^6^ cells/mL) by centrifugation at 25 °C, 1200 rpm for 5 min. The cells were initially washed once using 500 μL PBS. Cells were resuspended in 100 μL PBS (reaction volume). In one experimental procedure, these cells were directly labeled with SR101--F-araNMN as detailed below to label all the CD38 molecules. In another experimental procedure, the cells were first treated with a nonfluorescent, cell-impermeable probe, 6-alkyne-F-araNAD, to block the cell surface CD38 before labeling intracellular CD38 with SR101--F-araNMN. 6-Alkyne-F-araNAD was added to a final concentration of 10 μM. After incubation at RT for 8 min, the cells were washed once with 500 μL PBS. Cells were resuspended in 100 μL PBS (reaction volume), and SR101--F-araNMN was added to a final concentration of 10 μM and allowed to incubate at RT for 8 min. The cells were then washed once with 500 μL cold PBS (PBS at 4 °C), followed by resuspending the cells in 1 mL cold methanol (methanol stored in −20 °C for at least 1 h prior to use), and samples were held at −20 °C for 10 min. Methanol was removed after centrifugation at 4 °C, 2000 rpm to pellet the cells. Cells were then resuspended in a fresh 1 mL of cold methanol (methanol at −20 °C) and incubated on ice for 40 min. Again, methanol was removed and cells were washed once with 500 μL fresh, cold PBS (PBS at 4 °C) to ensure removal of methanol. Finally, cells were resuspended in 100 μL of PBS. Then, 10 μL PBS containing the cell suspension was applied onto a microscope slide and covered with a micro cover glass. Confocal images (8 line average) of cells were acquired with a Zeiss LSM 710 confocal microscope with a 63×/1.4 oil immersion objective. Green 561 nm (15mW DPSS laser, laser power percentage given in the figure captions) was used for sulforhodamine (SR) fluorescence. Emission signal in the range of 566--717 nm (SR emission) was detected.

In-Gel Fluorescence Analysis of CD38 Intracellular Localization {#sec2.4}
---------------------------------------------------------------

Lysis buffer recipe: Tris-HCl pH 7.9 (25 mM), NaCl (150 mM), glycerol (10%), Igepal (1%), 25 μL protease inhibitor cocktail (PIC, Sigma-Aldrich, \#P8340)/500 uL, PMSF (0.5 mM), EDTA pH 8.0 (5 mM). HL-60 cells were treated with 1 μM RA in cell culture media for 24 h in a 5% CO~2~ incubator at 37 °C. Raji and K562 cells were not treated with RA. Untreated HL-60, Raji, and K562 cells were cultured using the same media except for being used without any added treatment. Similar amounts of cells were used for both live cell and whole cell lysate in-gel fluorescent labeling. To do this, cells were counted to make sure the same number of cells were used in the live cell and the whole cell lysate labeling. Cells were harvested by centrifugation at 25 °C, 1200 rpm, for 5 min. Cells were washed twice with 1 mL PBS. From this point, one batch of cells was lysed to obtain whole cell lysate, and then the fluorescent labeling was carried out, and another batch of cells was fluorescently labeled first, and then whole cell lysate was collected. To label live cells, the cells were first suspended in 100 μL PBS (reaction volume) and fluorescent molecule---either SR101--F-araNMN or Rh-6-(F-araNAD)---was added to a final concentration of 10 μM. Then the sample was kept at RT for about 8 min, followed by centrifugation at 4 °C, 1500 rpm, for 3 min. Cells were washed twice using 500 μL cold PBS (PBS at 4 °C). PBS was removed prior to addition of about 30 μL lysis buffer followed by freeze/thaw lysis (the samples were frozen at −80 °C and then removed from −80 °C and thawed on ice for ∼30 min while vortexing briefly every 5 min). Once samples were fully thawed on ice, they were centrifuged at 4 °C, 14,000 rpm, for 6 min to collect the supernatant (proteins solubilized by detergent in lysis buffer). Protein concentration in the cell lysate was determined using the Bradford assay, and 25 μg of lysate was resolved by SDS-PAGE. In the case of collecting whole cell lysate followed by fluorescent labeling, the cells were washed with PBS and resuspended in 30 μL lysis buffer, and then the whole cell lysates were collected as described above. Protein concentration in the cell lysate was determined using the Bradford assay. Once protein concentration was determined, stock lysate was diluted to 2.5 μg/μL, and 10 μL of the diluted lysates was mixed with the fluorescent molecule to give a final 10 μM labeling concentration. The fluorescent labeling reaction was quenched using 2 μL of 6× SDS containing protein loading buffer. The samples were heated at 100 °C for 7 min and then resolved by SDS-PAGE. Before staining with Coomassie blue, the fluorescence image of the gel was recorded by a Typhoon 9400 Variable Mode Imager with settings of green laser at 532 nm and emission collection filter of 580BP30 (rhodamine) and 610BP30 (sulforhodamine). Detection was done using PMT650 V (normal sensitivity), and data were analyzed by ImageQuant TL v2005.

Western Blot Analysis {#sec2.5}
---------------------

Cell cultures were seeded at 0.2 × 10^6^ cells/mL, and those that received RA were treated at a concentration of 1 μM. After 48 h, cells were washed twice with PBS before being lysed by adding 400 μL of a lysis buffer consisting of M-PER with 1:100 (v/v) dilutions of protease inhibitors and phosphatase inhibitors, and the cells were placed on ice for 30 min. The lysate was then spun at 4 °C, 13,000 rpm, for 30 min, and supernatant was saved and used for analysis. Then, 25 μg of protein lysate was loaded per lane and resolved by SDS-PAGE analysis and transferred to PVDF membrane. Membranes were then blocked for 1 h in a solution of 5% dry nonfat milk in PBS-Tween before probing with 1:1000 (v/v) dilutions of antibody in 5% BSA in PBS-Tween overnight at 4 °C. Membranes were probed with 1:1000 (v/v) dilutions of secondary antibody in 5% BSA in PBS-Tween for 1 h at RT before visualizing with ECL. Blots shown are representative of at least three independent repeats.

Results {#sec3}
=======

Design and Synthesis of a Cell-Permeable CD38 Probe {#sec3.1}
---------------------------------------------------

Our strategy for making a cell-permeable CD38 probe was to first choose a cell-permeable fluorophore and then conjugate it to F-araNMN instead of F-araNAD (Scheme [1](#sch1){ref-type="scheme"}). F-araNMN is smaller and has one fewer negative charges than F-araNAD, and thus may be more cell permeable. Among several fluorescent dyes that we checked, sulfurhodamine 101 (SR101) showed the desired cell permeability. This was interesting as SR101 has size, charge, and overall structure similar to those of tetramethylrhodamine, yet SR101 is more cell permeable. To conjugate SR101 to F-araNMN, we decided to use the copper-catalyzed Huisgen 1,3-dipolar cycloaddition between alkyne and azide, commonly known as click chemistry (Scheme [1](#sch1){ref-type="scheme"}B).^[@ref26]^ We designed an alkyne-containing F-araNMN compound (F-araNMN alkyne) and SR101 azide compound. To obtain F-araNMN alkyne, we began with a 2′-fluoroarabinoside (**1**) where all hydroxyl groups were protected with benzoyl groups. The anomeric *O-*benzoyl group was first replaced with bromine and then by nicotinamide. The benzoyl groups were removed using potassium carbonate in methanol. Then in a one-pot reaction, the 5′-hydroxyl group was phosphorylated and then connected to 3-butyn-1-ol via a phosphodiester bond to give the desired F-araNMN alkyne compound. To make the SR101 azide compound, we first made the sulfonyl chloride derivative of SR101 and then attached a linker with an amino group and an azido group at opposite ends. Finally, the SR101 azide was conjugated to F-araNMN alkyne via click chemistry to obtain the desired SR101--F-araNMN (Scheme [1](#sch1){ref-type="scheme"}B). The detailed synthesis is shown in Scheme S1 in the [Supporting Information](#notes-1){ref-type="notes"} (SI).

![(A) Molecular Structure of Rh-6-(F-araNAD); (B) Synthesis of the Cell-Permeable Fluorescent CD38 Probe, SR101--F-araNMN](ja-2013-11046j_0008){#sch1}

*In Vitro* Labeling of Purified CD38 by SR101--F-araNMN {#sec3.2}
-------------------------------------------------------

To test whether SR101--F-araNMN can covalently label CD38 at the catalytic E226 residue, we used purified, wild-type, and catalytic mutants (E226Q and E226D) of CD38 extracellular catalytic domain. Both wild-type and mutants were incubated with SR101--F-araNMN for 10 min. The reaction mixtures were resolved by SDS-PAGE and visualized by fluorescence and then stained with Coomassie blue. Wild-type CD38 was fluorescently labeled by SR101--F-araNMN, but the CD38 catalytic mutants were not (Figure [1](#fig1){ref-type="fig"}). These results demonstrated that SR101--F-araNMN is an activity-/mechanism-based probe for CD38. We compared the labeling efficiency of Rh-6-(F-araNAD) and SR101--F-araNMN. With CD38 at 1 μM and the probes at 10 μM, the labeling reactions were complete within 0.5 min for Rh-6-(F-araNAD) and within 5 min for SR101--F-araNMN (Figure S1 in [SI](#notes-1){ref-type="notes"}). Furthermore, the addition of NAD (1 mM) or nicotinamide (100 μM) to the labeling reaction had very little effect on labeling efficiency ([Figure S1](#notes-1){ref-type="notes"}). Thus, SR101--F-araNMN is slightly less efficient than Rh--F-araNAD, but still labels CD38 very efficiently.

![*In-vitro* labeling of purified CD38 with SR101--F-araNMN. Lanes 1 and 2, CD38 wt; lanes 3 and 4, CD38 E226D; lanes 5 and 6, CD38 E226Q. Ladder is on the left, listed first.](ja-2013-11046j_0001){#fig1}

To confirm that this probe is specific for CD38 in cells, we used the human leukemia cell line, HL-60. HL-60 was chosen because these cells have a very low levels of CD38 but could be induced to express higher levels of CD38 with RA.^[@ref27]^ Consequently, untreated HL-60 cells were used as the negative control. In one experiment, we labeled live cells, followed by collecting whole cell lysates and then resolved the whole cell lysates with SDS-PAGE (lanes 1, Figure [2](#fig2){ref-type="fig"}). In another experiment, we collected the whole cell lysate, incubated with the probe, and then resolved the lysates by SDS-PAGE (lanes 2, Figure [2](#fig2){ref-type="fig"}). In both cases, only one major fluorescent band, which corresponds to the size of CD38, was detected in RA-treated cells; while no major fluorescent bands were detected in untreated cells (Figure [2](#fig2){ref-type="fig"}). The weak fluorescent band around 20 kD was shown to be from a cleaved form of CD38 (Figure S2 in [SI](#notes-1){ref-type="notes"}). A weak fluorescent band at about 70 kD was also detected in both RA treated and untreated HL-60 cells in the live-cell labeling but not in the whole-cell lysate labeling (Figure [2](#fig2){ref-type="fig"}). By optimizing the experimental conditions, we were able to partially or completely eliminate this band (Figure S2 and S6 in [SI](#notes-1){ref-type="notes"}). Altogether, this result demonstrated that SR101--F-araNMN is specific for CD38 in cells. The higher CD38 expression in RA-treated cells was also confirmed by Western blot using a monoclonal anti-CD38 antibody (see Figure [7](#fig7){ref-type="fig"}c).

![In-gel fluorescence analysis of CD38 in HL-60 cells (RA and untreated). Lanes 1, live-cell labeling with SR101--F-araNMN; lanes 2, whole cell lysate labeled with SR101--F-araNMN; lanes 3, whole cell lysate with no CD38 probe. Ladder is on the left, listed first.](ja-2013-11046j_0002){#fig2}

Confocal Microscopy Imaging for Labeling of CD38 in Live Cells with SR101--F-araNMN {#sec3.3}
-----------------------------------------------------------------------------------

The ability of SR101--F-araNMN to enter live cells and label CD38 was next tested using HL-60 cells and visualized using confocal microscopy. We first incubated cells with either 10 μM SR101--F-araNMN or 10 μM Rh-6-(F-araNAD) for 8 min at RT followed by washing with PBS to remove excess unbound dye. The incubation time was determined to be sufficient to allow for the binding of the probe to CD38 as determined by an *in vitro* labeling experiment (Figure S1 in [SI](#notes-1){ref-type="notes"}). We indeed found that SR101--F-araNMN was cell permeable as strong fluorescence was observed inside HL60 cells (Figure [3](#fig3){ref-type="fig"}A); conversely, HL-60 cells labeled with Rh-6-(F-araNAD) showed no fluorescence inside (Figure [3](#fig3){ref-type="fig"}B). However, washing with PBS alone could not remove excess SR101--F-araNMN molecules in the cells (even HL-60 cells without RA treatment had strong fluorescence inside), making it difficult to differentiate free vs CD38-bound SR101--F-araNMN. To circumvent this problem, we used methanol to wash away the unbound SR101--F-araNMN as it was more soluble in methanol. This was proven successful as HL-60 cells treated with fluorescent molecule alone, SR101, then washed with methanol showed essentially no fluorescence (Figure [3](#fig3){ref-type="fig"}C). In contrast, RA-treated HL-60 cells were strongly fluorescently labeled with SR101--F-araNMN (Figure [3](#fig3){ref-type="fig"}D) on the plasma membrane and only weakly inside the cells.

![Confocal images of HL-60 cells (with or without RA-treatment): (A) Cells without RA-treatment labeled with SR101--F-araNMN and washed with PBS. (B) Cells without RA-treatment labeled with Rh-6-(F-araNAD) and washed with PBS. (C) RA-treated cells labeled with SR101 (negative control) and washed with methanol. (D) RA-treated cells labeled with SR101--F-araNMN and washed with methanol. Confocal microscope settings: laser power: 4.5%, pinhole: 1.1 airy unit, master gain for PMT: 875.](ja-2013-11046j_0003){#fig3}

Then, we turned our focus to locating the intracellular CD38 with SR101--F-araNMN. Although there was some weak fluorescence inside the RA-treated HL-60 cells, it was difficult to visualize the intracellular signal because the fluorescence on the plasma membrane was too strong. To overcome this, we used 6-alkyne-F-araNAD to first block plasma membrane CD38. The 6-alkyne-F-araNAD was not cell permeable and had no fluorescent molecule attached. HL-60 cells (RA treated and untreated) were first incubated with 6-alkyne-F-araNAD to block plasma membrane CD38, followed by incubation either with SR101 as negative control or SR101--F-araNMN to label intracellular CD38. This allowed us to clearly see the intracellular fluorescently labeled CD38, after optimizing the confocal microscope settings to maximize detection. HL-60 cells without RA treatment also showed very weak fluorescent signal. This represented the low levels of CD38 present, which was further confirmed by Western blot data shown later (see Figure [7](#fig7){ref-type="fig"}C). Importantly, an increase in fluorescence (∼2.5-fold) was observed in RA-treated cells compared to HL-60 cells without RA treatment, confirming that the probe was labeling CD38 (Figure [4](#fig4){ref-type="fig"}).

![Confocal images of HL-60 cells (RA or untreated) blocked with 6-alkyne-(F-araNAD) followed by intracellular CD38 labeling with SR101--F-araNMN. (A) RA treated HL-60 cells. (B) Untreated HL-60 cells. Confocal microscope settings: laser power: 11.0%, pinhole: 1.3 airy units, Master gain for PMT: 940. With laser settings kept constant between the two images, higher fluorescence indicates higher amount of active CD38.](ja-2013-11046j_0004){#fig4}

It has been reported that cell fixation with methanol alone can cause loss of cytosolic and nuclear proteins.^[@ref28]^ To rule out that the low detection of intracellular CD38 was not due to the loss of CD38 during the methanol wash, we also used a combination of paraformaldehyde (PFA) fixation with methanol permeabilization after SR101--F-araNMN labeling of CD38 in RA-treated HL-60 cells.^[@ref28]^ This method preserves both cell-surface and intracellular proteins.^[@ref28]^ The data from this combined PFA fixation and methanol permeabilization led to the same conclusion that CD38 was mainly concentrated on the plasma membrane (Figure S4 in [SI](#notes-1){ref-type="notes"}). In addition, subcellular fractionation of RA-treated HL-60 cells was done to obtain nucleus, membrane, and cytosolic fractions.^[@ref29],[@ref30]^ Using a monoclonal anti-CD38 antibody that would presumably detect both catalytically active and inactive CD38, the Western blot data again showed that the nucleus fraction contained very low levels of CD38, while the membrane fraction contain very high levels of CD38 (Figure S5 in [SI](#notes-1){ref-type="notes"}).

Thus, SR101--F-araNMN was cell permeable and capable of labeling CD38 within live cells without perturbation of the cell before labeling. In addition, it signifies that the intracellular CD38 is in fact catalytically active. Despite the intracellular presence, our results revealed that CD38 was mainly concentrated on the plasma membrane as the plasma membrane had the strongest fluorescence.

In-Gel Fluorescence of Whole Cell Lysate Using CD38 Probes to Label and Quantify Intracellular CD38 {#sec3.4}
---------------------------------------------------------------------------------------------------

The weak intracellular labeling diverged from previous reports regarding pronounced intracellular CD38. We thus decided to quantify the relative amount of intracellular vs plasma membrane CD38. We split the cells from the same culture into two equal portions. One portion was treated with the impermeable Rh-6-(F-araNAD) and then the cells were lysed after washing away excess probes (live cell labeling). The other portion was lysed first and then the total cell lysate was incubated with Rh-6-(F-araNAD) (whole cell lysate labeling). The two batches of cell lysates were then resolved by SDS-PAGE and analyzed by fluorescence and Coomassie blue staining. If a significant amount of CD38 is intracellular, then we expected that the live cell labeling intensity would be weaker than the whole cell lysate labeling intensity with the impermeable Rh-6-(F-araNAD). Contrary to this, we saw essentially the same labeling intensities with the live cell labeling and the whole cell lysate labeling (after correcting for protein loading using the Coomassie blue staining) with Rh-6-(F-araNAD) (Figure [5](#fig5){ref-type="fig"}). In addition, to more accurately quantify the percentage of intracellular CD38, we used another approach with the small-molecule probes. We first blocked cell surface CD38 with 6-alkyne-F-araNAD and then labeled intracellular CD38 with SR101--F-araNMN. In the control experiment, we labeled the total CD38 using SR101--F-araNMN without blocking of the cell surface CD38. We then collected the whole cell lysates and used in-gel fluorescence to quantify the intracellular CD38 vs total CD38 (Figure S3 in [SI](#notes-1){ref-type="notes"}). Quantification using this method showed that about 6.5% of CD38 molecules were intracellular in RA-treated HL-60 cells. This result further supported the previous confocal imaging results with SR101--F-araNMN and suggested that the amount of intracellular and catalytically active CD38 was very little.

![In-gel fluorescence analysis showed that most CD38 was present on plasma membrane. Lanes 1, live cell labeling with Rh-6-(F-araNAD) followed by in-gel fluorescence (labeling plasma membrane CD38 only); lanes 2, whole cell lysate was obtained first followed by labeling with Rh-6-(F-araNAD) (labeling all catalytically active CD38); lanes 3, whole cell lysate without CD38 probes. Protein ladder is on the left, listed first. The full gel images are shown in Figure S7 in [SI](#notes-1){ref-type="notes"}.](ja-2013-11046j_0005){#fig5}

CD38 Labeling in Raji and K562 Cells {#sec3.5}
------------------------------------

Once cell permeability and CD38 specific labeling was confirmed for SR101--F-araNMN in HL-60 cells, we investigated the intracellular distribution of CD38 in Raji and K562, which are lymphoma and leukemia cell lines, respectively. Both types of cells were reported to have intracellular CD38.^[@ref15]^ In particular, in Raji cells, it was reported that CD38 was present in a special subnuclear location called the Cajal body. In K562 cells, it was reported that there was only intracellular CD38 and no plasma membrane CD38.^[@ref15]^

Raji cells showed strong plasma membrane fluorescent labeling by SR101--F-araNMN similar to RA-treated HL-60 cells (Figure [6](#fig6){ref-type="fig"}A). To better visualize intracellular labeling, we first blocked plasma membrane CD38 with the nonfluorescent, cell impermeable probe, 6-alkyne-F-araNAD. Then, the cells were incubated with SR101--F-araNMN. We also used DAPI to stain the nucleus. Very weak fluorescence was observed in the nucleus and most of the label localized in the cytoplasm when methanol was used to wash off the probe (Figure [6](#fig6){ref-type="fig"}B). Similar results were obtained when we used PFA and methanol to treat cells (Figure S4 in [SI](#notes-1){ref-type="notes"}). We again used the in-gel fluorescence analysis, which showed essentially the same labeling intensities in the live cell labeling and the whole cell lysate labeling with Rh-6-(F-araNAD), after correcting for protein loading using the Coomassie blue staining (Figure [6](#fig6){ref-type="fig"}C). This result further supported the previous confocal imaging results with SR101--F-araNMN and suggested that the amount of intracellular CD38 was very little. Also, quantification using 6-alkyne-F-araNAD and SR101--F-araNMN as described above for HL-60 cells, revealed that about 4.2% of catalytically active CD38 in Raji cells is intracellular (Figure S3 in [SI](#notes-1){ref-type="notes"}).

![Labeling of CD38 in Raji cells. (A) Confocal image of Raji cells labeled with SR101--F-araNMN. Confocal microscope settings for (A): laser power: 5.5%, pinhole: 1.1 airy units, master gain for PMT: 866. (B) Confocal image of Raji cells blocked with 6-alkyne-(F-araNAD) then labeled with SR101--F-araNMN (visualization of intracellular CD38 only). DAPI (blue) staining dsDNA showing nucleus. Confocal microscope settings for (B): laser power: 10%, pinhole: 1.1 airy units, master gain for PMT: 866. An increase in laser power and master gain was necessary in order to have enough fluorescence emission to see the signal. This indicates a low amount of intracellular active CD38. (C) In-gel fluorescence analysis: lanes 1, live cell labeling with Rh-6-(F-araNAD) followed by in-gel fluorescence (labeling plasma membrane CD38 only); lanes 2, whole cell lysate was obtained first followed by labeling with Rh-6-(F-araNAD) (labeling all catalytically active CD38); lanes 3, whole cell lysate without CD38 probes. Ladder is on the left, listed first. The full gel images are shown in Figure S7 in [SI](#notes-1){ref-type="notes"}.](ja-2013-11046j_0006){#fig6}

As for the K562 cells, no SR101--F-araNMN fluorescent labeling was detected from confocal imaging (Figure [7](#fig7){ref-type="fig"}A). Consistent with this, labeling of cell lysate with SR101--F-araNMN also failed to detect the presence of CD38 (Figure [7](#fig7){ref-type="fig"}B). This result was contrary to the reported result showing that K562 had only intracellular CD38. One possibility for the discrepancy was that intracellular CD38 was present but that it was not catalytically active for unknown reasons. To rule out this possibility, we further performed Western blot analysis on whole cell lysate to detect CD38. The Western blot again showed that K562 cells did not express CD38, while CD38 was detected in RA-treated HL-60 and Raji whole cell lysates, along with low expression in untreated HL-60 cells (Figure [7](#fig7){ref-type="fig"}c). Therefore, our data collectively demonstrated that K562 cells did not express CD38.

![(A) Confocal image of K562 cells with SR101--F-araNMN labeling. Confocal microscope settings: laser power: 4.5%, pinhole: 1.1 airy units, master gain for PMT: 803. (B) K562 in-gel fluorescence analysis: lanes 1, live cell labeling with SR101--F-araNMN followed by in-gel fluorescence; lanes 2, whole cell lysate was obtained first followed by labeling with SR101--F-araNMN (labeling all catalytically active CD38); lanes 3, whole cell lysate without CD38 probe. Ladder is on the left, listed first. The full gel images are shown in Figure S7 in [SI](#notes-1){ref-type="notes"}. (C) Western blot analysis for detection of CD38 in all cell lines.](ja-2013-11046j_0007){#fig7}

Discussion {#sec4}
==========

We developed a cell-permeable CD38 probe, SR101--F-araNMN, by choosing a more cell-permeable fluorescent dye (SR101) and by using F-araNMN instead of F-araNAD. Using purified CD38, SR101--F-araNMN could label wild type CD38 but not the catalytic mutant of CD38, confirming that it was an activity-based probe. Using three human blood cancer cell lines, we further confirmed that SR101--F-araNMN was cell permeable and was able to specifically label CD38. Combined with the previously developed impermeable CD38 probes, Rh-6-(F-araNAD) and 6-alkyne-F-araNAD, we were able to better visualize intracellular CD38 in these cell lines and obtained CD38 localization information that could correct several misconceptions about the intracellular distribution, which are discussed below.

CD38 Is Highly Concentrated in the Plasma Membranes of Raji and RA-Treated HL-60 Cells {#sec4.1}
--------------------------------------------------------------------------------------

It was reported that CD38 was present mainly on the plasma membrane with the catalytic domain facing outside.^[@ref22]^ Consistent with this, when we labeled CD38 in RA-treated HL-60 cells or untreated Raji cells with SR101--F-araNMN, the strongest fluorescence resided on the plasma membrane based on confocal imaging. When limiting the fluorescence detection to intracellular CD38, HL-60 cells showed nearly a 2.5-fold increase of intracellular CD38 level upon RA treatment. However, the CD38 expression on the plasma membrane had a much greater increase based upon fluorescence detected. Additionally, our probe was activity-based; therefore, the intracellular CD38 we detected in RA-treated HL-60 and untreated Raji cells should be catalytically active. As a consequence, if the intracellular CD38 had access to cellular NAD, it might lead to decreased intracellular NAD levels. On the basis of confocal imaging, intracellular CD38 was found to be present in punctate bodies in the cytosol, which were likely membrane organelles, such as ER, Golgi, or mitochondria. At this point, we do not know the exact identities of the intracellular organelles that contain CD38, nor do we know the topology of CD38 (facing the cytosol or the matrix) on these intracellular organelles.

Raji and RA-Treated HL-60 Cell Nuclei Have Little CD38 {#sec4.2}
------------------------------------------------------

A previous report on CD38 localization used confocal immunofluorescence to show the presence of CD38 primarily within the nucleus of Raji cells.^[@ref15]^ In fact, it was shown that CD38 colocalized in nuclear Cajal bodies, which are small subnuclear membraneless organelles present either free in the nucleoplasm and/or physically associated to specific regions of chromatin. However, using the activity-based probes for CD38, we found very little CD38 labeled within the nucleus, and certainly no concentrated areas of fluorescence that would represent active CD38 in Cajal bodies. In fact, the nucleus had the weakest CD38 labeling in both Raji cells and RA-treated HL-60 cells. Although we could not rule out the presence of catalytic inactive CD38, the results obtained with the K562 cells suggested that this was unlikely (discussed below). Our results thus suggested that very little CD38 is present in the nuclei of Raji and RA-treated HL-60 cells.

K562 Cells Do Not Have Detectable CD38 Expression {#sec4.3}
-------------------------------------------------

It was reported on the basis of immunofluorescence that K562 cells express intracellular CD38 but no plasma membrane CD38.^[@ref15]^ When labeling K562 cells with SR101--F-araNMN, we saw no fluorescence from confocal microscopy imaging on either the plasma membrane or within the cell. To rule out that SR101--F-araNMN was not permeable to K562 cells, we also labeled K562 whole cell lysates with SR101--F-araNMN. No fluorescent CD38 band was observed on SDS-PAGE gel, consistent with the confocal imaging results. This result was contrary to the reported intracellular only localization of CD38. To resolve the conflicting observations, we first considered the possibility that K562 cells had CD38 but that CD38 was catalytically inactive; and thus, CD38 could not be labeled with our probe. However, Western blot showed that K562 cells had no detectable CD38 expression. Therefore, the labeling result with SR101--F-araNMN in K562 cells was reliable and revealed the absence of CD38 in K562 cells.

Antibodies vs Activity-Based Probes for Detecting CD38 Intracellular Localization {#sec4.4}
---------------------------------------------------------------------------------

The most commonly used methods to detect CD38 cellular localization are confocal microscopy coupled with immunofluorescence or GFP fusion. Using GFP fusion proteins requires the overexpression of the fusion proteins, which may cause artifacts due to the overexpression or the fusion. Immunofluorescence has the advantages of detecting endogenous proteins but it requires the use of antibodies. CD38 antibodies are convenient tools to use in most applications. However, for detecting the intracellular localization of CD38, antibodies have some limitations. First, antibodies are not cell permeable; thus, the cells have to be fixed and permeablized before labeling with antibodies. Second, washing conditions have to be controlled well to wash away unbound antibodies but not antibodies that bind to the protein target. The potential problems can be fixed but require extra efforts to optimize experimental conditions. The reported prominent nuclear CD38 in Raji and K562 cells is possibly a false positive caused by insufficient washing, which could have been avoided if proper negative and positive controls were used to help find the optimal washing conditions.^[@ref15]^ When inspecting the data on the immunofluorescence detection of CD38 in Raji and K562 cells, we noticed that there were no negative or positive controls provided. Nuclear membrane localization was also reported in other cell types.^[@ref20],[@ref31]^ Immunofluorescence was the major method used in these studies reporting the nuclear membrane localization of CD38. These studies may also suffer from similar problems. Compared with immunofluorescence, our permeable CD38 probe has certain advantages that can complement the use of antibodies. First, the probe identifies catalytically active CD38 because labeling proceeds in an activity-dependent way while immunofluorescence can be used to reveal total protein levels. Second, the probe is cell permeable and thus does not require detergent permeabilization of cells. Thus, the labeling can be done under less perturbing conditions. Unfortunately, we had to fix cells to wash away excess probe molecule. Optimization of the probes to allow aqueous buffer wash will be required for true live-cell imaging. However, because it forms a rather stable covalent linkage with CD38, the washing step can be done very extensively to make sure all excess CD38 probes are washed away. This way, fewer false positives will be observed. This is probably an important feature that allowed us to conclude that there is very little intracellular CD38. The availability of both a permeable and impermeable CD38 probe greatly facilitated the quantification of intracellular versus cell surface CD38, which is otherwise not easy to accurately quantify.

Conclusion {#sec5}
==========

NAD is increasingly recognized as an important signaling molecule that regulates many physiologically important processes. Understanding the function of NAD-metabolizing enzymes, such as CD38, is thus important and can impact a variety of different areas. Ensuring proper cellular function requires the spatial distribution of different proteins to be delicately regulated. In the case of CD38, localization is similarly important to its biological function. Investigating its correct cellular localization will help to understand several unaddressed questions about the function of CD38. Early studies on CD38 focused on its ability to make cADPR and NAADP, which are considered important second messengers capable of releasing intracellular stored calcium. However, *in vitro*, the most efficient activity of CD38 is the hydrolysis of NAD, with *k*~cat~ of 96 s^--1^ and *K*~m~ of 16 μM.^[@ref32]^ If CD38 is present in the nucleus as previously reported, it will likely deplete nuclear NAD. Using the permeable and impermeable CD38 probes, we found that the nucleus actually contained the least amount of fluorescence, which we interpreted as the lack of CD38 in the nucleus. Considering the efficient NAD hydrolysis activity, we think the lack of nuclear CD38 actually makes sense; otherwise, intracellular NAD may be depleted. CD38-catalyzed formation of cADPR accounted for less than 2% of the total product. If this activity is physiologically important, it is possible that a certain intracellular pool of CD38 may have higher cyclase activity. CD38-catalyzed formation of NAADP *in vitro* requires low pH and high concentration of nicotinic acid. The low pH condition is only possible in certain acidic organelles, such as the lysosome. Thus, investigating the exact intracellular localization of CD38 will likely provide insights into the physiological relevance of different enzymatic activities of CD38. The activity-based probes we developed will allow the determination of intracellular localization of CD38 in different cells and thus enable a better understanding of the physiological function of CD38.

Details of experimental procedures, acquired and measured NMR, and LC--MS spectra for the synthesis of the CD38 probe, SR101--F-araNMN. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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